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A study to assess how the ﬁdelity of wind pressure inputs and indoor model complexity affect the
predicted air change rate for a study building is presented. The purpose of the work is to support the
development of a combined indoor-outdoor hazard prediction tool, which links the CONTAM multizone
building simulation tool with outdoor dispersion models.
The study building, representing a large ofﬁce block of a simple rectangular geometry under natural
ventilation, was based on a real building used in the Joint Urban 2003 experiment. A total of 1600 indoor
model ﬂow simulations were made, driven by 100 meteorological conditions which provided a wide
range of building surface pressures. These pressures were applied at four levels of resolution to four
different building conﬁgurations with varying numbers of internal zones and indoor and outdoor ﬂow
paths. Analysis of the results suggests that surface pressures and ﬂow paths across the envelope should
be speciﬁed at a resolution consistent with the dimensions of the smallest volume of interest, to ensure
that appropriate outputs are obtained.
Crown Copyright © 2016 Published by Elsevier Ltd. This is an open access article under the
Open Government Licence (OGL) (http://www.nationalarchives.gov.uk/doc/open-government-licence/
version/3/).1. Introduction
A wide range of tools exist for predicting the dispersion of
hazardous airborne material in urban environments. However,
these generally only predict the outdoor hazard, whereas the ma-
jority of the population at risk are likely to be indoors [1]. To
address this gap, research is being conducted to determine how to
couple indoor and outdoor dispersion simulations, by linking the
multizone simulation tool CONTAM [2], which predicts airﬂows
and pollutant transport in buildings, to outdoor dispersion models.
CONTAM predicts whole-building airﬂows driven by external
wind pressures, external and internal temperatures, and mechan-
ical ventilation. It allows building models to be constructed at
ﬁdelities ranging from a single box that represents the entire
building, to a detailed model that includes zones that represent
rooms or other spaces and individual ﬂow paths between these).
vier Ltd. This is an open access articzones, such as doors and cracks.
A likely operational strategy to reduce the exposure of building
occupants to an outdoor plume of hazardous material is to shut off
the building ventilation system as recommended by Warner et al.
[3]. When this strategy is adopted, the exterior temperature and
wind conditions become crucial to how hazardous material enters
and is transported through the building. To model such a case using
CONTAM in a coupled indoor-outdoor hazard prediction system
requires answers to two key questions:
1. What spatial resolutions are required, or desirable, when
applying external wind pressures to a multizone model of a
building?
2. How sensitive are the indoor model outputs to the spatial resolu-
tion of interior zones, and to changes in thewind pressure inputs?
The answers to these questions are also relevant to the simu-
lation of mechanically ventilated buildings in situations where the
external meteorology has some inﬂuence.le under the Open Government Licence (OGL) (http://www.nationalarchives.gov.uk/
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The user may provide:
 Wind speed and direction at a ﬁxed, possibly remote, mea-
surement location. CONTAM then consults look-up tables to
obtain pressure coefﬁcients based on the wind direction. The
coefﬁcients are used to derive surface wind pressures at the
external ﬂow paths based on a rooftop wind speed;
 Building surface wind pressures at the external ﬂow paths
directly. CONTAM then uses these values without further
interpretation.
In order to use CONTAM simulations within a hazard prediction
tool, a method is required for deﬁning wind pressures that may be
applied to a range of cases. Traditionally, pressure coefﬁcients come
from wind tunnel experiments. However, because these co-
efﬁcients depend on the building geometry, orientation, and
external interactions such as shielding by other buildings, there are
signiﬁcant uncertainties in generalising from wind tunnel data
(unless the actual urban-scale geometry is very close to the test
geometry).
The CONTAM simulation tool includes libraries of data which
may be drawn on to deﬁne a model [4]. These data include single
average wind pressure coefﬁcients for the façades of low-rise
rectangular buildings, based on a correlation developed by Swami
and Chandra (1988) [5]. However, using a single average pressure
coefﬁcient over the whole face of a tall building may not be
appropriate. Orme et al. (1994) [6] derived higher resolution,
spatially distributed, wind pressure coefﬁcients, based on the di-
vision of each façade into 3 horizontal and 5 vertical zones. Their
distributions are provided for a number of wind directions and
corrections are given to allow for shielding by surrounding build-
ings. These wind pressure coefﬁcient distributions may be incor-
porated into local wind pressure libraries in CONTAM simulations.
The difference in using a single value or 15 values per façade raises
the question of how wind surface pressures should be spatially
averaged.
Background on wind pressure coefﬁcient averaging and the ef-
fects of interference and shielding on wind pressures can be found
in chapter 24 of [7]. Costola and co-workers [8e10] reviewed and
investigated the uncertainties associated with using surface aver-
aged wind pressure coefﬁcients in building energy simulation and
airﬂow network programs. In their 2010 paper [10], they concluded
that for airﬂow calculations the magnitude of uncertainty was high,
but judgements regarding the usability of such data depended on
the problem under analysis and chosen performance indicator.
However, they considered a relatively simple case with only one
internal zone and one or two openings. They discussed the limi-
tations of this approach and recognised the difﬁculties in obtaining
and presenting results for multizone cases withmore openings. In a
dense urban environment the uncertainty of the wind-induced
pressures at the building envelope may be more complex because
of sheltering and turbulence due to other structures.
In addition to considering how the surface pressures should be
averaged, it is also necessary to consider how to best represent
building leakage. This was demonstrated in a multizone model
inﬁltration study based on data conducted by Ng et al. [11]. The
study noted that to better capture the stack effect the exterior wall
leakage on individual ﬂoors should be divided into three portions,
representing the leakage of the lower, middle and upper third of
each wall. This indicates the difﬁculty in assessing outdoor-indoor
exchange and the dependence of results on the decisions taken in
representing leakage components and their locations.
In principle, numerical wind ﬁeld calculations are an attractive
alternative to wind tunnel data, as they may be used to derivebuilding-speciﬁc wind pressure coefﬁcients for any site and any
oncoming wind angle. Alternately, they can provide pressures to
the CONTAM model directly, thereby removing the need for the
intermediate processing step of generating the pressure co-
efﬁcients. This approach becomes particularly attractive in devel-
oping a combined indoor-outdoor hazard prediction tool, when an
urban wind ﬁeld model is already being run to enable outdoor
concentrations to be predicted. However, the questions of how to
average wind pressure distributions and link them with the
building leakage distribution, or to determine the speciﬁc pressure
to be associated with the location of a ventilation component,
remain to be addressed.
Computational ﬂuid dynamics (CFD) codes have been applied to
predict wind-induced indoor air ﬂow [12] and compared to solu-
tions from network models used for predicting wind-driven
ventilation [13]. However, most studies have only considered very
simple geometries, with little or no internal structure and a small
number of large openings. Such techniques have been employed in
investigating possible viral transmission routes within high-rise
buildings where air exchange between indoor and outdoor spaces
over multiple ﬂoors may be responsible for viral particle transport
[14,15]. In addition, the outputs from CFD models have also been
linked to the use of CONTAM simulations to examine the inﬁltration
of exhaust products into homes [16]. While these have yielded
useful results, the resources required to perform such simulations
currently mean that it is not generally practical to apply CFD to
model the interior of a large multi-ﬂoor building incorporating a
wide range of inﬁltration components.
Many wind ﬁeld calculation codes are available, employing
more or less sophisticated algorithms. These include CFD methods,
which have been used to predict the surface wind pressure distri-
butions on complex building geometries [17e20]. Although CFD
codes can estimate wind pressures with an accuracy comparable to
wind tunnel data [21], they are not practical for rapid calculations.
However, relatively simple, fast-running wind ﬁeld calculation
methods, such as those used in the Quick Urban and Industrial
Complex (QUIC) dispersion modelling system [22] or Micro-SWIFT-
SPRAY [23], can provide estimates rapidly. The problem is in
determining whether they are sufﬁciently accurate to support
generalised indoor-outdoor hazard modelling.
To investigate these issues, a study was conducted to evaluate
surface pressure distributions over a study building for a range of
different wind conditions, and to apply these at varying levels of
resolution to CONTAM models of several levels of complexity. The
changes in the CONTAM model outputs were then evaluated to
derive recommendations for matching the spatial resolution of
wind pressure inputs to the spatial detail of indoor models.
2. Method
2.1. Overview
A key objective of the study was to address the above research
questions in an idealised way, while remaining relevant to real
world applications. The study building was therefore based on a
large 16 ﬂoor ofﬁce building that was instrumented and used for
indoor experiments during the Joint Urban 2003 ﬁeld experiment
[24], while the range of meteorological conditions used were based
on climatological wind data from the RockyMountainMetropolitan
Airport in Broomﬁeld, near Boulder in Colorado.
The study building had a simple rectangular envelope, with two
ﬂoors below ground (each of 3 m height); a ground ﬂoor (height
6 m); 13 more ﬂoors (each of 3 m height); and a mechanical room
on the roof, with a footprint smaller than the rest of the building.
The overall building height, including the mechanical room on the
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was 47 m. The building width was 42 m, and its depth 30 m.
Although the real building had three linked mechanical venti-
lation systems, these were assumed to be shut off in the study
building as part of a response to an external plume of hazardous
material. In addition, to focus on the effects of pressure resolution it
was assumed that the building was isolated, so that interpretation
of the results was not complicated by the features and sheltering
provided by neighbouring buildings. Furthermore, the internal and
external air temperatures were assumed to be the same, to negate
effects of stack pressure on air movement. Within this framework,
the following steps were carried out:
1. Determine an appropriate range of meteorological conditions
for use in the study;
2. Predict surface pressures on the study building, for the chosen
meteorological conditions, using QUIC version 5.8.6;
3. Extract wind pressures, at four levels of spatial resolution, for
input to the four building models;
4. Simulate the air ﬂows through the building, using CONTAM v3.1
models having varying numbers of zones and indoor-outdoor
ﬂow paths;
5. Assess how the variations in wind pressure resolution and
model complexity affected the CONTAM simulation outputs.
One requirement of the study was to evaluate the CONTAM
model outputs over a representatively wide, but manageable
number of meteorological conditions. This was achieved by
selecting a sub-set of 100 meteorological conditions from a study
that used self-organizing maps (SOM) to condense atmospheric
observations into a set of 1420 nodes, or groups of similar data [25].
Each SOM node represented a unique combination of wind speed
and direction. The original data comprised two databases of ob-
servations. The ﬁrst database contained hourly data, recorded from
1981 to 2013. The second database contained hourly data, recorded
from 1985 to 2005, on a global 40 km horizontal grid that extended
from the surface to a height of about 60,000 ft.2.2. Meteorological data
In order to keep the number of simulations within reasonable
bounds, the study used the 100 most frequent nodes from the 1420
representative weather conditions identiﬁed by the SOM study.
Fig. 1 shows the frequency of wind speeds from those 100 nodes.Fig. 1. Histogram of wind speeds from the 100 most frequent combinations of wind
speed, wind direction, and atmospheric stability identiﬁed for the Boulder CO region.The wind speeds ranged from very low values up to 30 m s1, with
most conditions below 10 m s1. Although the meteorological
conditions applied to a particular location, they were not domi-
nated by winds from a small range of directions.
2.3. Study building
For the purposes of the study, the real building geometry was
simpliﬁed, and assumed to be a simple rectangular block with an
overall height of 47 m, having 15 above-ground ﬂoors. All walls and
ﬂoors were assumed to have zero thickness when computing the
zone volumes.
In order to create models of varying levels of complexity, the
building models were based on geometric grids of zones, rather
than on the real internal geometry. This approach was adopted on
the basis that suppressing details of the building interior would
make it easier to attribute differences in outputs between models,
as well as changes in the predictions of a particular model, directly
to the variables of interest (see e.g., [26]). Two levels of internal
detail were used: a coarse level, in which each ﬂoor was repre-
sented as a single zone (designated ‘-z1’ in the model nomencla-
ture); and a ﬁner level that divided each ﬂoor into a 3-by-3 grid of
zones (designated ‘-z3’).
The ﬂow paths in the building models were deﬁned using
CONTAM power law ﬂow element models for interior walls, exte-
rior walls, ﬂoors, and the roof. Each ﬂow element model had a
normalised leakage area based on values taken from Ref. [4]. The
normalised leakage areas were deﬁned in terms of cm2 of leakage
per m2 of surface at a ﬁxed discharge coefﬁcient of 1.0, a reference
pressure of 4 Pa and a ﬂow exponent of 0.65. A particular ﬂow path
speciﬁes the area of the surface to which the leakage element is
applied in order to determine the overall leakage ﬂow. This meant
that the total leakage area of the building was constant, but its
distribution over the building was varied by deﬁning different
numbers of ﬂow paths linking the indoors and outdoors.
2.4. Application of surface pressures to building models
The study building was modelled in QUIC version 5.8.6 as a
simple rectangular block in an open area. The resolution of the grid
used in QUIC was 1 m in all directions, and the dimensions of the
surrounding domain were 300  300 m horizontally and 100 m
vertically. The building was oriented such that the zero and 180
wind directions were orthogonal to its 42 m wide faces (i.e. the
longer faces) and zero degrees corresponded to north. The 100
meteorological conditions used in the study were input to QUIC as a
logarithmic surface proﬁle based on a 10m observationwind speed
and direction and Monin-Obukhov length scale with a background
surface roughness of 0.1 m Fig. 2 shows output from one of the
simulations with surface level streamlines and gauge pressure
differences at ground level, and gauge pressures on the external
surfaces of the building.
The QUIC simulations were executed using the QUIC-URB option
[27], which is based on the fast response approach to wind ﬁeld
modelling developed by R€ockle [28]. In this approach, an initial
uniform ﬂow ﬁeld is forced to be mass consistent while incorpo-
rating empirical parameterisations of the ﬂow features around
buildings. QUIC then derives a three-dimensional pressure ﬁeld
from the mean velocity ﬁeld by solving the Poisson equation.
The QUIC pressure results were post-processed to create ﬁles of
building surface pressures at four resolution levels, referred to as
1 m, 6 m, 50 m ﬂoor, and 50 m face (the ‘50 m’ designation being a
nominal descriptor due to the building footprint not being square).
The 1 m resolution was equivalent to using the outputs from QUIC
directly, whereas the 6 m and 50 m ﬂoor and 50 m face values
Fig. 2. Representation of study building and ﬂow domain in QUIC.
Fig. 3. Graphical representation of the reduction in external pressure resolution from 1 m (left), to 6 m (centre-left), 50 m ﬂoor (centre-right) and 50 m face (right).
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rectangular area, the length of the face and height of a ﬂoor, or the
area of the face respectively as illustrated in Fig. 3. Thus the pres-
sure averaging was independent of the locations of the externalFig. 4. Plot of ACR data for 1 m resolution pressure inputs against wind speed for the four bu
along each face of the building (-z), and the resolution of external airﬂow paths (-s).ﬂow paths of the CONTAMmodels. This meant that the locations of
the external ﬂow paths were not aligned with grid points in the
QUIC mesh. The pressure attributed to each ﬂow path was simply
taken to be that of the pressure averaging area covering the
location.
In Section 1, it was noted that it would probably not be appro-
priate to apply a single pressure coefﬁcient to the entire face of a tall
building. However, for the purposes of the study, having a case in
which this was done provided a fundamental reference against
which the effects of using pressure inputs at greater ﬁdelity could
be evaluated.
The building models had ﬂow paths to the outdoors at two
levels of ﬁdelity. Half the models had one external ﬂow path every
3 m of horizontal distance (designated ‘-s3’), while the others had
one external ﬂow path every 10 m (‘-s10’). Flow path areas were
chosen to account for the assumed spacing of the interior parti-
tions. The variation in the number of ﬂow paths meant that therewere a total of four CONTAM models: two levels of interior zoning,
and two different path spacings. In all cases, each ﬂoor had two sets
of ﬂow paths, one at 0.5 m above ﬂoor level, and one at 0.5 m below
the ﬂoor above. So, for example, the ‘-s10’ models placed exteriorilding models. The building model names in the legend reference the number of zones
Fig. 5. Predicted ACR rankings based on wind direction given 1 m resolution pressure inputs. The central plot shows the input meteorological conditions wind speed [m s1] against
wind direction [degrees]. The four outer plots show variations in predicted ACR [h1] with wind direction for each of the four building models, with the plotted number indicating
the building ACR ranking of 1 (lowest) to 4 (highest) for the particular meteorological condition.
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and 25 m from the corner, in 30 courses (2 for each ﬂoor).
The pressure input and ﬂow path spacing described above
meant that for the lowest resolution pressure input, each external
ﬂow path on a given façade of the study building connected to the
same pressure estimate. While multiple ﬂow paths may link thezone to the outdoors, if all the paths get a single wind pressure
estimate, then the wind has low resolution relative to the zones.
Conversely, in a high-resolution wind model, each zone can con-
nect to multiple distinct wind pressure estimates. This can be
appreciated from Fig. 3.
Table 1
Average percentage changes in ACR categorised by wind speed.
Wind speeda
[m s1]
Average change in ACR with more
ﬂow paths [%]
Average change in ACR with
more zones [%]
Average change in ACR with more
ﬂow paths and more zones [%]
Number of meteorological
conditions
1 No simulations 0
2 3.67 15.37 21.73 5
3 1.70 13.28 19.39 28
4 4.11 14.11 21.14 14
5 2.06 13.78 18.34 9
6 4.36 15.15 21.33 16
7 4.43 16.92 22.30 9
8 þ1.81 20.42 25.59 4
9 4.42 20.00 24.87 6
10 2.91 24.66 29.71 1
11 4.72 26.13 34.39 1
12 15.38 13.12 25.61 1
13 þ1.30 12.56 14.32 2
14 No simulations 0
15 No simulations 0
16 5.05 18.91 23.05 2
a Maximum of binned values.
Fig. 6. Variation in ACR with wind speed for differing external pressure resolutions (Note: data are divided into wind speed bins and plotted at different wind speeds within the bin
for clarity).
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The cases outlined above resulted in 1600 CONTAM simulations
(4 building models  100 meteorological conditions  4 outdoor
pressure resolutions). The analysis of the results was split into two
sections: a numerical analysis of how the predicted whole-building
air change rate (ACR) was affected by the different model conﬁg-
urations, followed by a state-space analysis that examined how the
ﬂows predicted within the models were affected by the resolution
of the pressure inputs and building complexity.3.1. ACR analysis
Fig. 4 shows a scatter plot of predicted whole-building ACR
values for the four building models against wind speed, when
provided with the 1 m resolution pressures. Note that an extreme
wind speed of 30 m s1 was omitted from the analysis to improve
clarity. The results from the four different CONTAM models are
identiﬁed by the different symbols as shown in the key.
Fig. 4 shows only modest differences in the ACRs predicted forthe different building models. All four have an ACR of ~0.1 h1 at
1.5 m s1 wind speed, beyond which the models with a single zone
per ﬂoor (circles and squares) demonstrate a higher gradient curve
and correspondingly higher ACRs with increasing wind speed than
the models with multiple zones per ﬂoor (triangles and diamonds).
This distinction between the single and multiple zone models re-
sults from the models with no interior partitions presenting less
resistance to ﬂow. As the wind speed increases, the range of results
also increases, although the small number of simulation points for
the wind speeds greater than 8 m s1 makes this harder to identify
deﬁnitively.
In Fig. 5 the central plot shows wind speed and wind direction
for the 100 meteorological conditions used in the study. The sur-
rounding plots show the variations in ACR with wind direction for
each of the four building models. Additionally, the subplot for each
building shows its rank order of ACR for a particular meteorological
condition, with a rank of 1 indicating the lowest and 4 the highest,
ACR from among all the building models.
Fig. 5 reveals that the buildings do not have consistent rankings,
and that the ranking order changes with wind direction, but not
0 1 2 3
0
1
2
3
Release location
Impact
location
Fig. 8. Impact matrix interpretation. Each square within the matrix is coloured ac-
cording to the steady-state concentration in a zone, indicated by the row index,
resulting from a unit constant release rate in a zone indicated by the column index.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 7. Variation in percentage change in ACR from the 1 m resolution results, with wind speed for 6 m (yellow) 50 m ﬂoor (white) and 50 m face (red) resolution pressure inputs
(Note: data are divided into wind speed bins and plotted at different wind speeds within the bin for clarity). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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ranking number going out from the centre of the plot). In other
words, at a given wind speed, changing the wind direction in-
ﬂuences the ACR of the models relative to one another, but at a
givenwind direction, changing the wind speed does not change the
relative ACRs between the four models. Thus the relative ACR of a
model is independent of wind speed.
The data were examined further by conducting a pair-wise
comparison of the results, and calculating the average percentage
change in ACR for the 100 meteorological conditions relative to the
building with the smallest number of zones and ﬂow paths (i.e.,
okc-z1-s10). Table 1 summarises these results. As the changes in
ACR were largely driven by wind speed, the data were split into
bins, and the average percentage difference calculated for each
wind speed bin. The ﬁnal column in Table 1 shows the number of
meteorological conditions averaged to produce the tabulated
values, so providing some context to any outlying results.
The most noticeable difference in the results was that adding
zones to the model (i.e. increasing partitioning of the internal
volume) had a much larger impact on the ACR than adding ﬂow
paths (i.e. dividing up the leakage area further). Typically, adding
ﬂow paths resulted in a 2e5% reduction in predicted ACR, while
adding zones resulted in a 12e20% reduction. The differences in
ACR due to increasing the number of ﬂow paths are small because
the greatest spacing of the paths was equal to the length of the
shortest wall of the rooms (10 m), so each room had a minimum of
two ﬂow paths (i.e. at 0.5 m and 2.5 m above ﬂoor level). All else
being equal, having a single average pressure drop across all paths
is the most efﬁcient way to convert the wind pressure to ﬂow. In
reality, spreading the leakage ﬂow area over a greater number of
ﬂow paths reduces the ACR because it results in a greater range of
wind pressures driving ﬂow through the building. Hence, a model
with ﬂow paths every 3 mwill tend to have more extreme pressure
drops than a model with ﬂow paths every 10 m. The ACR falls
because, although increasing the ﬂow path pressure drop above the
average increases the ﬂow, the nonlinear nature of the pressure-
ﬂow model means that this does not compensate for the re-
ductions in ﬂow rate resulting from pressure drops below the
average.
Overall, the data in Fig. 4 and Table 1 indicate that the effects of
varying the numbers of ﬂow paths and zones are reasonablypredictable. They also indicate that there is a small additional
reduction of 2e4% over the sum of the individual differences, when
the building model has both more ﬂow paths and more zones. In
general, it appears that adding ﬂow paths and zones leads to in-
creases in ﬂow resistance that reduces the ACR by 20e25%. The
average percentage ACR change also appears to increase with an
increase inwind speed, but this cannot be stated deﬁnitively due to
the lack of data above 8 m s1 wind speed.
The key aim of the study was to understand the impact that the
resolution of external pressure data had upon the predicted indoor
airﬂows. A similar pairwise comparison of the different models was
therefore performed for the four external pressure data resolutions.
Fig. 6 shows a scatter plot of ACR against wind speed, in which the
different symbols represent the different external resolutions.
Fig. 6 indicates that the ACR generally decreases as the external
Fig. 9. Impact matrices [m3 s1] for wind direction 360 and wind speed 5.1 m s1 for models with a single zone per ﬂoor, with external pressure resolution of 1 m (a), 6 m
horizontal per ﬂoor (b), 50 m ﬂoor (c) and 50 m face (d).
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ally increases with wind speed, although the range of the data re-
mains fairly constant. At wind speeds greater than 8 m s1 this
trend is less obvious, perhaps due to having only a small number of
simulation points. To investigate the variations further, a pairwise
comparisonwas producedwhich showed the percentage difference
in ACR of the 6 m, 50 m ﬂoor and 50 face resolution results against
the 1 m resolution results. These differences are summarised in the
box plot shown in Fig. 7, in which the white line represents the
mean, the bounds of the box represent the region between the 25th
and 75th percentile and the grey bars show the total range of the
data. For a given pressure resolution (6 m or 50 m ﬂoor) there is no
obvious trend in the data belowwind speeds of 8 m s1, but there is
a clear distinction between the 1 m, 6 m and 50 m ﬂoor and 50 m
face data.
Fig. 7 shows that for wind speeds below 8 m s1 the mean ACRs
of the 6 m resolution results are approximately 3% below those of
the 1 m results across all the bins, and that the mean ACRs of the
50 m ﬂoor resolution results are approximately 12% below those of
the 1 m results. The mean reductions in ACR associated with the
50 m face results are slightly less in some instances than the 50 m
ﬂoor results, but nevertheless consistently below the 6 m results.
This is a result of the greater averaging of data for the 50 m face
inputs leading to less complex internal ﬂows, and slightly higher
ACRs (see Section 3.2).The results demonstrate that reducing the ﬁdelity of the pres-
sure inputs leads to consistent reductions in the ACR at wind speeds
below 8 m s1. This trend is not apparent for higher wind speeds,
but this may be inﬂuenced by the sparseness of the meteorological
conditions with wind speeds above 8 m s1.
3.2. State-space analysis of results
A state-space approach [29e33] was used to generate a selec-
tion of impact matrix plots from the 1600 cases simulated, in order
to examine the effect of pressure ﬁdelity on the internal airﬂows
and the anticipated effect of these on contaminant transport and
dispersion.
Impact matrix plots show the normalised steady state concen-
tration in every zone (arranged vertically) resulting from a
continuous release in every zone (arranged horizontally). This is
illustrated diagrammatically in Fig. 8. The CONTAM numbering
convention is used, whichmeans that building zones are numbered
starting at the top of the building. However, the columns and rows
are indexed starting from 0. Thus the column representing a release
in the ﬁrst zone of the model at the top of the building, is labelled
column 0.
The impact matrix has units of inverse volumetric ﬂow [m3 s]
and can be interpreted as the steady state concentration [mg m3]
resulting from a unit constant release rate [mg s1] [17]. Hence, the
Fig. 10. Impact matrices [m3 s1] for wind direction 360 and wind speed 5.1 m s1 for models with 3  3 zones per ﬂoor, with external pressure resolution of 1 m (a), 6 m
horizontal per ﬂoor (b), 50 m horizontal per ﬂoor (c) and by building face (d).
1 The numbering of the matrices shows the zone number, not the ﬂoor number.
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resulting from a constant unit release rate in zone 2. Alternatively,
the same value can be interpreted as the upper limit on the expo-
sure [mg m3 s] for static occupants in the zone resulting from a
unit mass release [mg]. The theoretical basis and more detailed
explanation of the impact matrix approach can be found in
Refs. [19,17]. As stated above, the state-space method is applied in
this instance as a means of observing the ﬂow patterns and
examining the effects of pressure resolution and internal model
resolution on the directions of the ﬂow paths. The higher concen-
trations in the impact matrices indicate greater contributions from
‘upwind’ zones. The plots also indicate the degree of ventilation,
with lower values indicating higher ACRs.
3.2.1. Effect of pressure averaging resolution (one zone per ﬂoor)
A single meteorological condition, with wind direction 360 and
wind speed 5.1 m s1, was chosen to examine the effect of pressure
averaging resolution for the okc-1-s3 model. This condition was
chosen because it was in the middle of the wind speed range
covered by the majority of the wind conditions used, and because
the orthogonal direction of thewind facilitates interpretation of the
results. Fig. 9 shows the impact matrices for four simulations with
different spatial averaging of the external pressure data. For 1 m
resolution pressure data there is a clear difference in the internaldispersion depending on the ﬂoor of release. The direction of ﬂow
from ﬂoors 1 to 9 (columns 6e14) is downwards, from ﬂoors 11 to
15 (columns 4 to 0) it is upwards, while from ﬂoor 10 (column 5)
there is ﬂow in both directions.1 When the external pressures are
averaged at 6 m resolution the same pattern remains, although the
strength of the interactions is different, as indicated by small
changes in the colours. This can be appreciated by looking at the
effect of a release on ﬂoor 10 on the ﬂoors above and below.
Coarsening the horizontal resolution to 50 m, but with a different
pressure value for each ﬂoor again results in the same pattern but
with slightly larger changes in colour. However, when the 50m face
input resolution is applied, the mixed direction ﬂow is lost, and all
ﬂow within the building is towards the top. This can be seen by
observing that there are no coloured squares below the diagonal.
This large difference in the pattern of internal ﬂow shows the
importance of the vertical resolution of wind pressure.
3.2.2. Effect of pressure averaging resolution (nine zones per ﬂoor)
The same variationwas examined for the partitioned, 3 3 zone
model okc-z3-s3 and is presented in Fig. 10. The greater complexity
of the ﬂows resulting introducing the partitions is indicated by the
Fig. 11. Impact matrices [m3 s1] for wind direction 30 and wind speed 5.1 m s1 for models with a single zone per ﬂoor, with external pressure resolution of 1 m (a), 6 m
horizontal per ﬂoor (b), 50 m horizontal per ﬂoor (c) and by building face (d).
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(Fig. 9). For the 1m external pressure resolution, ﬂoors 13 to 15 ﬂow
only upwards and ﬂoors 1 to 6 ﬂow only downwards. In between
these ﬂoors, ﬂow occurs in both directions on six ﬂoors compared
to one when each ﬂoor was modelled as a single zone; the relative
magnitudes depending on the speciﬁc starting zone. Hence, adding
more zones per ﬂoor leads to a more complex internal ﬂow pattern
which would produce a more widespread dispersion throughout
the building. Tracing the path of the ﬂow in detail shows that, for
these intermediate ﬂoors there is downward ﬂow in the windward
zones and upward ﬂow in the leeward zones. This implies that
introducing resistance to the ﬂow of air across a ﬂoor level en-
courages ﬂow between the ﬂoors.
Reducing the external pressure resolution to 6 m preserves
much of the behaviour. Close examination of Fig. 10 shows that the
details of the inter-zone ﬂows within a particular ﬂoor are very
similar for the 1 m and 6 m resolution cases, and it is difﬁcult to see
any signiﬁcant difference in the detail of the plots. The 50 m ﬂoor
resolution results in some larger changes in behaviour with some
limited upward transport from lower ﬂoors. However, the cruder
building face resolution case (Fig. 3d) shows only upward ﬂows
similar to the single zone per ﬂoor case (Fig. 9d).3.2.3. Effect of wind direction
To examine the effect of wind direction, a meteorologicalcondition with a wind direction of 30 and wind speed of 5.1 m s1
was selected. Thewind speed and buildingmodel are the same as in
Section 3.2.1. The change inwind direction has an effect on the ﬂoor
at which there is transition from downwards to upwards ﬂow in the
higher pressure resolution models. This is shown in Fig. 11, where
the transition now occurs at ﬂoor 7 for the two ﬁnest resolutions,
and ﬂoor 8 for the 50 m horizontal per ﬂoor resolution, rather than
ﬂoor 10. The building face resolution results still show purely up-
ward ﬂow. Hence, vertical resolution of building surface pressure is
required to capture the variation in ﬂow transition points with
changes in wind direction.
For the case with 3  3 zones on each ﬂoor (Fig. 12) the
behaviour is similar to the previous 360 case (Fig. 10). The 30
change in wind direction has resulted in a considerable change in
the internal ﬂows. Firstly, the ﬂow transition moves down from
ﬂoor 12 to ﬂoor 10, and secondly the upward ﬂows from ﬂoors 1e10
are greater. The 50 m ﬂoor resolution shows greater upward
transfer than the ﬁner resolutions, showing that coarse horizontal
pressure averaging affects the vertical ﬂow predictions. The pattern
within ﬂoors maintains a similar appearance both above and below
the transition ﬂoor within the block diagonals for a given resolu-
tion. The clear difference in the internal ﬂows between the two
ﬁner and two coarser resolutions illustrates the need to match the
resolution of the pressure inputs to the multizone model with the
dimensions of the zones.
Fig. 12. Impact matrices [m3 s1] for wind direction 30 and wind speed 5.1 m s1 for models with 3  3 zones per ﬂoor, with external pressure resolution of 1 m (a), 6 m horizontal
per ﬂoor (b), 50 m horizontal per ﬂoor (c) and by building face (d).
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To examine the effect of wind speed, meteorological conditions
with three wind velocity values were studied: 2.6 m s1, 4.1 m s1
and5.1ms1. In each case thewinddirectionwas 360. Fig.13 shows
the resulting impactmatrices for themodel with one zone per ﬂoor,
and 1 m pressure resolution. The pattern is consistent for all three
wind velocities, but as the velocity increases from left to right the
concentrations decrease due to the greater air change rates.
Fig. 14 shows the impact matrices for the model with 3  3
zones per ﬂoor. As in Fig. 13, the pattern appears to be the same for
all three wind speeds. A slight change in values is apparent for the
different velocities. These results suggest that for a given wind di-
rection and pressure input resolution, changes inwind speed do not
change the directions and relative magnitudes of the internal ﬂows.
4. Discussion
The results of the study have shown that reducing the resolution
of pressure data used to drive CONTAM models of a large naturally
ventilated ofﬁce building generally causes the predicted ACR to
change in a relatively predictable way up to wind speeds of 8 m s1.
Only 6 of the 100 meteorological conditions used in the study
related to wind speeds above 8 m s1; consequently the results for
wind speeds above this value are highly scattered and it is difﬁcult
to draw any conclusions from them. The implication of this is that
there is a need to understand the relative importance of themeteorological conditions that are to be applied to a multizone
model, as this may affect the detail required in the CONTAMmodel.
A reduction in the predicted ACR with resolution in the input
pressure data was observed whether the building was modelled as
a number of open ﬂoors, or with each ﬂoor partitioned into nine
equal rooms. The results therefore indicate that for wind speeds
below 8m s1 providing low resolution pressure inputs to CONTAM
models is likely to lead to under-predictions of building ACR, which
may have consequences for exposure calculations if the CONTAM
simulations are made as part of a combined indoor-outdoor hazard
prediction.
A state-space analysis showed that the two ﬁner pressure res-
olutions generally appeared to give similar results for both the
single and 3  3 zone per ﬂoor models. When the horizontal
pressure resolution was reduced to a single value per façade per
ﬂoor, the qualitative ﬂows between ﬂoors remained similar for
single zone per ﬂoor cases. However, additional differences were
observed for the 3 3 zonemodels. For the coarsest resolution very
large changes in the resulting ﬂows were observed.
The results of the state-space analysis showed that reducing the
ﬁdelity of pressure inputs can result in key features of internal ﬂow
being lost. Most obviously a lack of vertical pressure resolution
could lead to the loss of upward/downward ﬂow transition regions.
But it was also evident that the extent of these features was linked
to building complexity, and that as building complexity was
increased there was a need for greater horizontal resolution. In
Fig. 13. Impact matrices [m3 s1] for model with one zone per ﬂoor, with external pressure resolution of 1 m. Wind direction 360 , 2.6 m s1 (left), 4.1 m s1 (middle) and 5.1 m s1
(right).
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direction (30) could lead to substantial changes in building inter-
nal ﬂow predictions. This means that the method used to provide
pressure inputs to multizone models should capture the effects of
wind direction.
Overall, the results suggest that the input pressure resolution
should be comparable to the zone resolution in the horizontal and
vertical directions, to capture both the internal ﬂows and how these
vary with changes in wind direction. The observation that the lo-
cations and magnitudes of the upward and downward airﬂows are
linked to both vertical and horizontal resolution of the pressure
inputs suggests that accurate prediction of indoor dispersion re-
quires detailed multi-zone models which are provided with high
resolution pressure inputs. This poses two problems: ﬁrstly how to
ensure that the indoor model is a sufﬁciently accurate represen-
tation of the building e i.e. that it has sufﬁcient but not excessive
detail, and secondly how to ensure that the pressure inputs are
sufﬁciently accurate.
In order to determine the importance of pressure resolution in
linking indoor and outdoor dispersion models for the general case,
the process developed in the study now needs to be applied to a
range of building types, of varying size, complexity and air tight-
ness, and with sheltering from surrounding buildings. Such work
should also include evaluation of the impact of internal shafts,
which are potentially important features that were not represented
in the semi-abstract models used in the study. The current studyFig. 14. Impact matrices [m3 s1] for models with 3  3 zones per ﬂoor, with external pressu
s1 (right).did not include evaluation of the impact of indoor-outdoor tem-
perature differences and the resulting stack effects. Further work is
required to understand the importance of the ﬁdelity of pressure
inputs in relation to these. Furthermore, if a building has a me-
chanical ventilation system, the expectation is that the ﬁdelity of
pressure inputs will have less importance, but this should be
veriﬁed.
With regard to the development of hazard prediction tools, the
acceptability of using surface pressure predictions from QUIC URB
or MSS as inputs to CONTAM models as part of a hazard prediction
process needs to be evaluated.
5. Conclusions
A study has been conducted to examine the sensitivities of
predicted whole-building ACR and interior ﬂow rates of a multi-
zone building model to the ﬁdelity of pressure inputs at the
building envelope. The study was based on a real 15 ﬂoor ofﬁce
block under natural ventilation conditions that was modelled at
four levels of complexity, to which pressure boundary conditions at
four levels of ﬁdelity were applied for a range of 100meteorological
conditions. This resulted in a total of 1600 indoor model
simulations.
The results have shown that increasing the complexity of the
building model reduced the predicted ACR by 20e25%. More
importantly, reducing the ﬁdelity of the pressure inputs:re resolution of 1 m. Wind direction 360 , 2.6 m s1 (left), 4.1 m s1 (middle) and 5.1 m
S.J. Herring et al. / Building and Environment 101 (2016) 32e4444 Led to consistent reductions in the predicted ACR with reducing
pressure resolution for wind speeds up to 8 m s1;
 Could result in key features of internal ﬂow being lost, the
extent of these being linked to the complexity of the building
model.
The results suggest that if multizone indoor models are used to
represent buildings in which the ventilation systems have been
shut down in response to the presence of a hazardous plume then:
 High ﬁdelity, accurate pressure inputs are required to provide
conﬁdence in the predicted ﬂow directions within the building;
 The predicted ACR may need to be corrected if only low ﬁdelity
pressure inputs are available.
The current study should be extended to cover a greater range of
buildings, to determine the importance of sheltering provided by
surrounding buildings, the impact of indoor-outdoor temperature
differences on ﬂow rates and paths, and whether pressure resolu-
tion and accuracy is important if the building is mechanically
ventilated.
Acknowledgements
The authors would like to acknowledge the support received
from Mr R. Fry of the US Defense Threat Reduction Agency in
conducting the work presented. Contributions from Lorenzetti and
Sohn were supported in part by the Defense Threat Reduction
Agency and performed under U.S. Department of Energy Contract
number DE-AC02- 05CH11231.
References
[1] C. Kornartit, R.S. Sokhi, M.A. Burton, K. Ravindra, Activity pattern and personal
exposure to nitrogen dioxide in indoor and outdoor microenvironments,
Environ. Int. 36 (1) (2010) 36e45.
[2] W.S. Dols, B.J. Polidaro, CONTAM User Guide and Program Documentation
Version 3.2, National Institute for Standards and Technology Technical Note,
2015, 1887.
[3] T. Warner, P. Benda, S. Swerdlin, J. Knievel, J. Copland, A. Crook, Y. Liu,
S. Mayor, B. Morley, R. Sharman, S. Spuler, J. Sun, M. Xu, A. Yates, Y. Zhang,
E. Argenta, B. Aronian, J. Bowers, D. Storwold, B. Balsley, M. Jensen, Y. Meiller,
R. Carter, K. Clawson, P. Clark, R. Frehlich, J. Weil, The Pentagon Shield Field
Program: toward critical infrastructure protection, Bull. Am. Meteor. Soc. 88
(2007) 167e176.
[4] A.K. Persily, E.M. Ivy, Input data for multizone airﬂow and IAQ analysis,
Technical report, National Institute of Standards and Technology, 2001. NISTIR
6585.12.
[5] M.V. Swami, S. Chandra, Correlations for pressure distributions on buildings
and calculation of natural-ventilation airﬂow, ASHRAE Trans. 94 (1) (1988)
243e266.
[6] M. Orme, M. Liddament, A. Wilson, An Analysis and Data Summary of the
AIVC's Numerical Database, Technical Note AIVC 44, Air Inﬁltration and
Ventilation Centre, Coventry, Great Britain, 1994.
[7] Ashrae, Fundamentals Handbook, American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Inc., Atlanta, GA, 2013.
[8] D. Costola, B. Blocken, J.L.M. Hensen, Uncertainties due to the use of surface
averaged wind pressure coefﬁcients, in: Proceedings of the 29th AIVC Con-
ference 14e16 October, Air Inﬁltration and Ventilation Center, Kyoto, 2008 p.6
on CD.[9] D. Costola, B. Blocken, J.L.M. Hensen, Overview of pressure coefﬁcient data in
building energy simulation and airﬂow network programs, Build. Environ. 44
(2009) 2027e2036.
[10] D. Costola, B. Blocken, M. Ohba, J.L.M. Hensen, Uncertainty in airﬂow rate
calculations due to the use of surface-averaged pressure coefﬁcients, Energy
Build. 43 (2010) 881e888.
[11] L.C. Ng, A. Musser, A.K. Persily, S.J. Emmerich, Multizone airﬂow models for
calculating inﬁltration rates in commercial reference buildings, Energy Build.
58 (2013) 11e18.
[12] W.K. Chow, Wind-induced indoor-air ﬂow in a high-rise building adjacent to a
vertical wall, Appl. Energy 77 (2004) 225e234.
[13] O.S. Asfour, M.B. Gadi, A comparison between CFD and network models for
predicting wind-driven ventilation in buildings, Build. Environ. 42 (12) (2007)
4079e4085.
[14] N.P. Gao, J.L. Niu, M. Perino, P. Heiselberg, The airborne transmission of
infection between ﬂats in high-rise residential buildings: tracer gas simula-
tion, Build. Environ. 43 (2008) 1805e1817.
[15] J. Mao, W. Yang, N. Gao, The transport of gaseous pollutants due to stack and
wind effect in high-rise residential buildings, Build. Environ. 94 (2) (2015)
543e557.
[16] L. Wang, S.J. Emmerich, R. Powell, Modeling the Effects of Outdoor Gasoline
Powered Generator Use on Indoor Carbon Monoxide Exposures ePhase II,
2010. NIST Technical Note 1666.
[17] T. Stathapoulos, Y.S. Zhou, Numerical simulation of wind-induced pressures
on buildings of various geometries, J. Wind Eng. Industrial Aerodynamics 46 &
47 (1993) 419e430.
[18] J. Burnett, M. Bojic, F. Yik, Wind-induced pressure at external surfaces of a
high-rise residential building in Hong Kong, Build. Environ. 40 (2005)
765e777.
[19] H. Montazeri, B. Blocken, CFD simulation of wind-induced pressure co-
efﬁcients on buildings with and without balconies: validation and sensitivity
analysis, Build. Environ. 60 (2013) 137e149.
[20] B. Li, J. Liu, J. Gao, Surface wind pressure tests on buildings with various non-
uniformity morphological parameters, J. Wind Eng. Industrial Aerodynamics
13 (2015) 14e24.
[21] P.J. Richards, A.D. Quinn, S. Parker, A 6 m cube in an atmospheric boundary
layer ﬂow-part 2: computational solutions, Wind Struct. 5 (2_3_4) (2002)
177e192.
[22] M. Nelson, M. Brown, The QUIC Start Guide (v6.01), Los Alamos National
Laboratory, 2013. LA-UR-13-XXXXX based on LA-UR-10e01062 Draft, 9.
[23] J. Moussaﬁr, O. Oldrini, G. Tinarelli, J. Sontowski, C. Dougherty, A new oper-
ational approach to deal with dispersion around obstacles: the MSS (Micro-
Swift-Spray) software suite, in: Proc. 9th Int. Conf. on Harmonisation within
Atmospheric Dispersion Modelling for Regulatory Purposes, vol. 2, 2004, pp.
114e118.
[24] K.J. Allwine, J.E. Flaherty, Joint Urban 2003: Study Overview and Instrument
Locations, Technical report, Paciﬁc Northwest National Laboratory, 2006.
PNNL-15967.
[25] P.E. Bieringer, S. Longmore, G. Bieberbach, L.M. Rodriguez, J. Copeland,
J. Hannan, A method for targeting air samplers for facility monitoring in an
urban environment, Atmos. Environ. 80 (2013) 1e12.
[26] M.D. Sohn, M.J. Small, Parameter estimation of unknown air exchange rates
and effective mixing volumes from tracer gas measurements for complex
multi-zone indoor air models, Build. Environ. 34 (3) (1998) 293e303.
[27] E.R. Pardyjak, M.J. Brown, QUIC URB v1.1 Theory and User's Guide, Los Almos
National Laboratory, 2007. LA-UR-07e3181.
[28] R. R€ockle, Bestimmung der Stomungsuerhaltnisse im Bereich komplexer
Bebauungstrukturen, Ph.D. thesis, Vom Fachbereich Mechanik, der Techni-
schen Hochschule Darmstadt, Germany, 1990.
[29] S.T. Parker, V. Bowman, State-space methods for calculating concentration
dynamics in multizone buildings, Build. Environ. 46 (2011) 1567e1577.
[30] S.T. Parker, D.M. Lorenzetti, M.D. Sohn, Implementing state-space methods for
multizone contaminant transport, Build. Environ. 71 (2014) 131e139.
[31] S.T. Parker, C.J. Coffey, J. Gravesen, J. Kirkpatrick, K. Ratcliffe, B. Lingard,
J.P. Nally, Contaminant ingress into multizone buildings e an analytical state-
space approach, Build. Simul. 7 (2014) 57e71.
[32] S.T. Parker, Modelling Contaminant Transport in Enclosed Spaces - a State-
space Approach, Mathematics in Defence 2011, Shrivenham, UK, 2011.
[33] S.T. Parker, S.E Williamson, Visual assessment of contaminant impacts in
multizone buildings, Build. Environ. (2016) (Submitted), BAE-D-15-01948R1.
